The pure rotational spectrum of palladium monocarbonyl, PdCO, has been measured between 6000 and 24 000 MHz using a cavity pulsed jet Fourier transform microwave spectrometer. The molecules were prepared by laser ablation of Pd in the presence of CO contained in an Ar backing gas. The spectra of 15 isotopomers have been used to determine the molecular geometry from the measured rotational constants. Centrifugal distortion constants are in good agreement with those calculated from a literature harmonic force field. A nuclear quadrupole coupling constant and nuclear spin-rotation constant have been determined for 105 Pd. Nuclear shielding parameters have been evaluated from the measured spin-rotation constant. The geometry is discussed with reference to theoretical data and to other molecules containing an M-CO bond.
I. Introduction
The group 10 elements, particularly Pd and Pt, are catalysts for a diverse range of chemical reactions, with many of industrial significance. In the case of Pd, this has been confirmed by a recent journal issue devoted entirely to this subject. 1 The CO molecule is an ubiquitous ligand in inorganic chemistry. It is well-known as a "reversible poison" on Pd, enabling selectivity in catalytic hydrogenation reactions. 2 The interactions within gas-phase PdCO are prototypes for those between a Pd surface and CO, and consequently, the PdCO molecule has been the subject of many theoretical studies. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The infrared spectrum of PdCO isolated in krypton was reported by Darling et al. 16 in 1973. Following this work, many groups have applied theoretical methods to examine aspects of the electronic structure of PdCO. All agree that it should have a linear 1 Σ + ground state. Most recently, Manceron et al. 3 and Liang et al. 5 have used ab initio calculations in conjunction with matrix isolation experiments to provide estimates of the molecular geometries and binding energies of molecules of the form MCO (where M ) Ni, Pt, and Pd). Although many of the theoretical studies have predicted internuclear distances for PdCO, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] there is little agreement among them. The predicted PdC bond lengths, for example, vary from 1.81 to 2.21 Å. An experimental determination of the geometry has clearly been needed.
Evans et al. determined experimental geometries and bond lengths for molecules of the form ArMX (where M is Cu, Ag, and Au and X is F, Cl, and Br) [17] [18] [19] [20] via Fourier transform microwave spectroscopy. It was shown that these species are comparatively rigid. In addition, the MX moieties undergo significant charge redistribution upon the attachment of argon. These observations are consistent with comparatively strong ArM bonds in the above species. Subsequent work has shown that molecules of the form OCMX can also be generated by laser ablation, and the structures and hyperfine constants of these species have also been accurately determined from the measured rotational constants. [21] [22] [23] It is notable that these molecules possess CO distances that are comparable with those existing in free CO. The MC distances are comparatively long; the AuC distance in OCAuX is shorter than the AgC distance in OCAgX because of relativistic effects. Very recently, the microwave spectrum of PtCO has been assigned, and accurate bond distances have been determined, 24 along with centrifugal distortion constants and a nuclear spin-rotation term for 195 Pt in 195 PtCO. Nuclear shielding parameters for 195 Pt were determined from the spin-rotation constant. It is significant that Ni(0), Pd-(0), and Pt(0) are isoelectronic with Cu(I), Ag(I), and Au(I), respectively. This paper reports the detection and measurement of the microwave rotational spectrum of PdCO. This is the first gas phase study of the molecule, which has been found to be linear with a 1 Σ + ground state, in agreement with the theoretical predictions. The spectra of several isotopomers have been studied, from which have been obtained rotational constants, centrifugal distortion constants, and, where appropriate, 105 Pd hyperfine constants. The PdC and CO bond lengths have been calculated by several methods. The results are discussed in comparison with those obtained for PtCO 24 and other molecules containing a metal-carbonyl group bond.
II. Experimental Methods
Experiments were conducted using a laser ablation system in conjunction with a Balle-Flygare 25 type Fourier transform microwave (FTMW) spectrometer. The system has been described at length in earlier papers, [26] [27] [28] so only a brief description will be provided here. The microwave cavity comprises of two spherical aluminum mirrors (28 cm diameter, radius of curvature 38.4 cm) separated by approximately 30 cm. One mirror is fixed, and the other is manually adjustable in order to permit the cavity to be tuned to the polarization frequency. The supersonic jet enters the cavity via a General Valve (Series 9) nozzle mounted slightly off-center in the fixed mirror. This arrangement optimizes the sensitivity and resolution of the spectrometer but causes all of the lines to be observed as Doppler pairs because the direction of microwave propagation is parallel to the direction of the supersonic jet. The line position is determined by finding the average frequency of the two Doppler components. All measurements are referenced to a Loran C frequency standard that is accurate to 1 part in 10 10 .
The PdCO molecules were generated via the laser ablation (Nd:YAG, 1064 nm) of a palladium sample in the presence of a gas mixture containing carbon monoxide and argon. A thin sheet of Pd foil was wrapped around a glass rod and placed approximately 5 mm from the orifice of the pulsed nozzle in order to provide the ablation target. This was simultaneously rotated and translated in order to expose a fresh surface of metal prior to each laser shot. The gas mixture consisted of 0.5%-1.5% CO (Praxair) in an argon backing gas. The intensity of the observed spectral lines was found to be uniform over this concentration range. In order that experiments could be conducted on complexes containing 18 O and/or 13 C isotopes, isotopically enriched samples of 13 CO and C 18 O were employed.
III. Assigned Spectra and Analysis
The results of calculations by Liang et al. 5 provided a preliminary estimate for the structure of PdCO. A rotational constant for the molecule was predicted from these data, and a search for lines in the microwave spectrum of the species was initiated. A line was identified at a frequency of ∼13 685 MHz, 200 MHz above the predicted position of the J ) 2-1 transition of 108 PdCO. The transition of the isotopomer containing the heaviest isotope of Pd is expected at the lowest frequency. The frequency interval separating adjacent isotopomers of Pd of even mass was predicted to be of the order of 50 MHz, and no lines were observed within the 400 MHz interval immediately below the position of this line. The line was therefore initially assigned to the 110 PdCO isotopomer.
A revised estimate of the structure of the molecule was made, and the rotational constants of isotopomers containing 108 Pd, 106 Pd, and 104 Pd were predicted. Transitions from these species were identified within 5 MHz of the frequencies predicted from the revised rotational constants. Of the five isotopes of palladium, only 105 Pd has a nuclear spin. Because I( 105 Pd) ) 5 / 2 , the transitions of 105 PdCO showed hyperfine structure arising from nuclear quadrupole coupling and nuclear spin-rotation coupling. No hyperfine structure attributable to 13 C was observed. In total, data were collected from three J′-J′′ transitions for 15 isotopomers. The abundances of the various isotopes of Pd that were investigated, 104 Pd, 105 Pd, 106 Pd, 108 Pd, and 110 Pd, are 11.1%, 22.3%, 27.3%, 26.5%, and 11.7%, respectively. An example line, the J ) 2-1 transition of 108 Pd 12 C 16 O, is given in Figure 1 .
The measured line positions were fit to a rotational Hamiltonian of the form shown below using Pickett's SPFIT 29 spectral line fitting program:
where Rotational constants (B 0 ) and centrifugal distortion constants (D J ) were fit for every isotopomer studied. Nuclear quadrupole coupling constants, eQq, and spin-rotation constants C I were also determined for species containing 105 Pd. The coupling scheme adopted for 105 PdCO, 105 Pd 13 CO, and 105 PdC 18 O was J + I Pd ) F. Lines from the spectra of vibrationally excited states were not observed during this work, despite an extensive search. All of the data were therefore obtained exclusively for the ground vibrational state. The measured transition frequencies and their quantum number assignments are given in Table 1 . The derived spectroscopic constants are in Table  2 .
IV. Structures of the Complexes
A. Structural Calculations. Because data were only collected from the ground vibrational state, it was not possible to calculate an equilibrium (r e ) geometry. Several other methods were therefore employed to provide estimates of the molecular structure. These included a ground-state effective (r 0 ) geometry, a fitted substitution (r I ) geometry, two mass-dependent (r m (1) and r m (2) ) geometries, and a ground-state average (r z ) geometry, from which was obtained an estimated r e structure. In each case, a least-squares fit based on experimental moments of inertia from 15 isotopomers of PdCO was performed.
i. Ground-State EffectiVe (r 0 ) Structure. This method ignores vibrational contributions to the ground-state moments of inertia. 30 The bond lengths were fit directly to the moments of inertia I 0 obtained from the rotational constants in Table 2 using 30 
These bond lengths are designated r 0 , and I rigid (r 0 ) is calculated using rigid molecule formulas. The structure determined is provided in Table 3 .
ii. Fitted Substitution (r I ) Structure. The contribution of vibrational effects to the measured moments of inertia is partially accounted for by the inclusion of a vibration-rotation parameter ( ), which is taken to be independent of isotopomer: 31 The same assumption is made in the conventional substitution method (r s ), 32 and where principal moments of several isotopic species have been obtained (as in PdCO), the resulting structures should be the same. Such a fit was carried out, and the resulting r I geometry is also in Table 3 .
iii. Mass Dependent (r m (1) and r m (2) ) Geometries. These geometries attempt to account for the mass dependence of and should produce near-equilibrium parameters from ground-state 
moments of inertia. For a linear triatomic molecule, they are obtained using the expression 33 where r m are the derived bond lengths, I m (r m ) is I rigid using the r m bond lengths, c and d are constants, m 1 , m 2 , and m 3 are atomic masses, and M is the molecular mass. In an r m (1) fit, d is set to zero; in an r m (2) fit, both c and d are included as fit parameters. Again, the results are in Table 3 .
The r m (1) structure is fit to a single constant in addition to the moments of inertia, and the geometry thus has similar precision to the r I structure. r m (2) structures are in principle better approximations to r e structures. However, where the molecule contains no atom near the center of mass (as in the present case), parameters may be subject to large uncertainties and correlations. 33 In the present study, the r m (2) bond lengths are greater than the r 0 , r I , and r m (1) distances. This is unexpected in a diatomic approximation, which can be used as a rough guide. It is thus conceivable that the r m (2) distances in Table 3 are not good approximations to the r e distances. The r m (1) structure contains significantly shorter bonds and is in good agreement with the calculated r I structure. It is believed to be closer to the r e configuration than the r m (2) structure.
iV. Ground-State AVerage (r z ) and Estimated Equilibrium (r e )
Geometries. An r z geometry was calculated for 105 Pd 12 C 16 O.
Because the harmonic force field of ref 7 reproduced the distortion constants well (see Table 2 ), it was used to estimate the harmonic contributions to the R constants. These in turn were used to convert the experimental B 0 values to groundstate average (B z ) rotational constants. The r z geometry was determined by fitting to the B z constants by least squares. Isotopic variations in the bond lengths were accounted for using 34, 35 The required zero-point mean square amplitudes, 〈u 2 〉, of the bonds and their perpendicular amplitude corrections, K, were obtained from the force field. The Morse parameter, a, for CO was obtained from tabulated values. 36 That of PdC was estimated from the force constant k in ref 7 and the dissociation energy in ref 3, using k ) 2D e a 2 ; the value used was 2.2 Å -1 . The resulting r z values are in Table 3 ; the uncertainties given arise from the least-squares fit. An equilibrium geometry was also estimated from the r z structure, using 34, 35 This, too, is given in Table 3 . Although the uncertainties in the desired r e distances are difficult to estimate, they are probably a Differences (in kHz) between observed frequencies and frequencies calculated using the derived constants in Table 2 . b Line excluded from fit.
close to those of the r z values. It is interesting that, although the estimated r e value of PdC is fairly close to the r m (2) value, this is not the case for r e (CO). In keeping with the suggestion above, the estimated r e values agree better overall with the r m (1) values. For the purpose of comparing the bond lengths with those derived from ab initio calculations, the values r(PdC) ) 1.843(3) Å and r(CO) ) 1.138(2) Å would probably be the most useful.
B. Discussion of the Structure. The derived bond lengths of PdCO are also compared in Table 3 with a large selection of the ab initio values obtained over the past 20 years. The latter are arranged in reverse chronological order; it is reassuring to note the significant degree of convergence of these values in recent years. The values of Manceron et al., 3 Liang et al., 5 and Cheung et al. 6 give reasonable, if imperfect, agreement with experiment. The experimental PdC distance has been found to approximate the average of the results of the nonrelativistic and relativistic XR calculations performed by Cheung et al. The method employed by Manceron et al. provides a particularly good estimate of r(PdC); the CO distance is overestimated by ∼0.015 Å. The result of Durà-Vilà et al. 15 is less accurate than those of the other recent studies; the calculated CO distance is larger than the experimental value by ∼0.03 Å and the PdC distance is larger by ∼0.06 Å. It should be noted however, that this group selected a functional and basis functions that are more appropriate to the treatment of larger clusters. The earlier calculations have given geometries of varying, often poor, agreement with experiment. Table 4 contains a comparison of the geometry of PdCO with those of a variety of other simple carbonyls. There are several notable features. In the first place, r(PdC) is much larger than r(PtC) in PtCO. This was predicted 6, 13 and is the result of relativistic effects on Pt in PtCO. A parallel phenomenon occurs in OCAgX and OCAuX (X ) F, Cl, and Br), where r(AgC) > r(AuC), this time because of relativistic effects on Au in OCAuX. 22, 23 Second, whereas in the coinage metal (group 11) carbonyl halides the r(CO) values are close to that of free CO (1.128 Å), the corresponding values for PdCO and PtCO are significantly greater. Correspondingly, r(PdC) and r(PtC) are significantly less than r(AgC) and r(AuC), respectively. The bonding in the group 10 monocarbonyls, unlike that of the coinage metal carbonyl halides, apparently conforms to the conventional picture of transition metal carbonyl bonding. Finally, the PdC, PtC, and CO bond lengths are radically different from those of other Pd and Pt carbonyls. Very recently, Willner et al. 37 reported the preparation and X-ray structural determination of the homoleptic cations Pd(CO) 4 2+ and Pt-(CO) 4 2+ . In these ions, the metal-carbon distances have both been found to be 1.98-1.99 Å, much larger than those of the monocarbonyls, and with essentially no metal dependence. The corresponding CO distances are ∼1.1 Å, much shorter than that of free CO. Similar values have been found for other Pt(CO) n and Pd(CO) n derivatives. 37 Although it is difficult to rationalize completely the differences between the two sets of results, it should be noted that ref 37 also gives considerably longer ab initio CO distances. It should also be noted that an X-ray diffraction study of OCAuCl 38 gave r(AuC) ) 1.93 Å and r(CO) ) 1.11 Å, which are significantly different from the microwave values. 22 The latter, being produced for isolated molecules in a single state, are probably easier to rationalize physically.
V. Vibrational Wavenumbers
The distortion constant of a molecule is intimately related to its vibrational frequencies. From the measured vibrational frequencies, Manceron et al. 7 were able to provide a harmonic force field for PdCO. This field has been used to estimate the distortion constants of various isotopomers of PdCO; the results are compared with experimental data in Table 2 . It can be seen that good agreement exists in all cases, with typical differences ∼0.02 kHz and the maximum difference ∼0.06 kHz.
An alternative approach involves direct calculation of the PdC stretching frequency from the measured distortion constant of a given isotopomer. A diatomic approximation is employed: 39 For the most abundant isotopomer, 106 40 Values of 127 I coupling constants ∼1000-2000 MHz are common for covalently bonded iodine. 30 The small 105 Pd coupling constants should not be a major surprise, however. The ground-state electron configuration of atomic Pd is [Kr]4d 10 , making the atom spherically symmetric. An electron pair donated from CO should go primarily into the Pd 5s orbital, which is also spherically symmetric. The small coupling constants would then arise from minor distortions of the spherical symmetry, presumably from π-back-donation of electron density from the 5d orbitals on Pd to π* antibonding orbitals on CO.
B. 105 Pd Nuclear Shielding. Nuclear magnetic resonance (NMR) shielding constants can be calculated from the nuclear spin-rotation constants determined through microwave spectroscopy. 41 Studies of this kind are useful because molecules may be studied in the absence of the solvent or lattice effects present in bulk materials. In addition, they permit the study of transient molecules and species with a large quadrupole interaction, which might otherwise be unsuitable for study by NMR spectroscopy, and provide valuable benchmarks for theoretical calculation. In microwave spectroscopy, the shieldings are determined directly, and there is no need to make comparisons with a standard.
The average shielding, σ, of 105 Pd in 105 Pd 12 C 16 O has been determined from the nuclear spin-rotation constant, C I , measured during this work. C I can be expressed as a sum of nuclear and electronic contributions: 41 The nuclear part depends on the nuclear positions and is given for a linear molecule by where e is the proton charge, µ N is the nuclear magneton, g N is the g factor for the nucleus in question, A () 105 Pd in this case), B is the rotational constant, Z i is the atomic number of nucleus i * A, and r Ai is the distance from nucleus A to nucleus i. This yields C I (nuc) ) 0.081 kHz and C I (elec) ) C I -C I (nuc), so C I (elec) is -2.995 kHz.
The shielding can also be written as a sum of two contributions:
where σ p and σ d are the paramagnetic and diamagnetic parts, respectively. The paramagnetic part is proportional to C I (elec) m and m p are the masses of the electron and proton, respectively. From recent values of the fundamental constants, 40 if C I is in 
) -( 24 is evidently very asymmetric.
VII. Conclusions
PdCO has been generated by laser ablation and stabilized within a supersonic expansion. FTMW spectroscopy has been used to observe the microwave spectrum of the molecule, and its geometry has been precisely determined from the measured rotational constants of 15 isotopomers. These provide an important benchmark for future theoretical calculations of the molecular geometry and have permitted the accuracy of previous such calculations to be assessed. This is an important and much needed result, because none of the earlier calculations have predicted the complete experimental geometry to a high degree of accuracy. In contrast to the carbonyl halides of the coinage metals, OCMX, both PdCO and PtCO have been found to conform with a conventional transition metal-carbonyl bonding description. Relativistic effects on Pt make r(PtC) in PtCO shorter than r(PdC) in PdCO. Experimental measurement of the distortion constants has yielded values consistent with those calculated from the harmonic force field of Manceron et al. 7 A nuclear quadrupole coupling constant has been determined for 105 Pd in 105 PdCO. Nuclear shielding parameters have been determined from the measured nuclear spin-rotation constant. 
